Whole-genome sequencing efforts have revolutionized the study of bifidobacterial genetics and physiology. Unfortunately, the sequence of a single genome does not provide information on bifidobacterial genetic diversity and on how genetic variability supports improved adaptation of these bacteria to the environment of the human gastrointestinal tract (GIT). Analysis of nine genomes from bifidobacterial species showed that such genomes display an open pan-genome structure. Mathematical extrapolation of the data indicates that the genome reservoir available to the bifidobacterial pan-genome consists of more than 5000 genes, many of which are uncharacterized, but which are probably important to provide adaptive abilities pertinent to the human GIT. We also define a core bifidobacterial gene set which will undoubtedly provide a new baseline from which one can examine the evolution of bifidobacteria. Phylogenetic investigation performed on a total of 506 orthologues that are common to nine complete bifidobacterial genomes allowed the construction of a Bifidobacterium supertree which is largely concordant with the phylogenetic tree obtained using 16S rRNA genes. Moreover, this supertree provided a more robust phylogenetic resolution than the 16S rRNA gene-based analysis. This comparative study of the genus Bifidobacterium thus presents a foundation for future functional analyses of this important group of GIT bacteria.
INTRODUCTION
Bifidobacteria are commonly found as part of the microbiota in the human gastrointestinal tract (GIT) (Ventura et al., 2007) , where their presence has been positively correlated with the health status of their host (Ventura et al., 2009a . Bifidobacteria have been claimed to elicit several health-promoting or probiotic effects, such as strengthening of the intestinal barrier, modulation of the immune response and exclusion of pathogens (Marco et al., 2006; O'Hara & Shanahan, 2007) . Although there is some evidence to support each of these functional claims for particular bifidobacterial strains, the molecular mechanisms by which these activities are achieved remain largely unknown.
In recent years, genome sequencing of bifidobacteria and other health-promoting (or probiotic) bacterial strains has come to the fore, even leading to the designation of a novel discipline named probiogenomics (Ventura et al., 2007 (Ventura et al., , 2009a , which aims to improve our knowledge of the diversity and evolution of commensal bacteria of the GIT and to unravel the molecular basis for their presumed health-promoting activities.
Of the currently recognized 34 species of the genus Bifidobacterium, just nine bifidobacterial genomes (representing five species) have been fully sequenced (Barrangou et al., 2009; Kim et al., 2009; Lee et al., 2008; Schell et al., 2002; Sela et al., 2008; Ventura et al., 2009a Ventura et al., , 2009b , with another 17 whose genome sequences are still unfinished (NCBI). Notably, for a small number of cases, such as Bifidobacterial genomes range in size from 2.0 to 2.8 Mbp and possess a large number of tRNA molecules (e.g. from 54 to 58), while displaying common architectural features of a typical bacterial chromosome (Ventura et al., 2007) . B. animalis subsp. lactis DSM10140 and Bifidobacterium adolescentis ATCC15703 possess the smallest chromosomes, with respective sizes of 2.0 and 2.1 Mbp (Barrangou et al., 2009; Kim et al., 2009) . It should be pointed out that these latter bacteria are extensively used in commercial preparations (also known as probiotic foods), and they may therefore have been subjected to growth in synthetic media for an extended number of generations. Such a practice has been demonstrated to cause genome decay in bifidobacteria (Lee et al., 2008) , with the loss of chromosomal regions that are apparently dispensable in an environment different from the original ecological niche. Many bacteria contain extrachromosomal elements in the form of plasmids and among the strains that belong to the B. longum phylogenetic species, B. longum subsp. longum DJO10A was shown to harbour two plasmids, pDOJH10L (10 kb) and pDOJH10S (3.6 kb), while B. longum subsp. longum NCC2705 possesses a single plasmid, pBLO1 (3.6 kb). The other sequenced genomes appear to lack plasmids, although extrachromosomal elements are commonly identified among bifidobacteria (Alvarez-Martín et al., 2007; Cronin et al., 2007; Lee & O'Sullivan, 2006; Sangrador-Vegas et al., 2007) . There are no obvious unusual species-specific features with regard to the coding density, tRNA gene number or rRNA operons. The number of rRNA loci ranges from two to five (Barrangou et al., 2009; Candela et al., 2004; Kim et al., 2009; Lee et al., 2008; Schell et al., 2002; Sela et al., 2008; Ventura et al., 2009a Ventura et al., , 2009b , which is more variable than the number of rRNA loci identified in other human gut-associated bacteria such as lactobacilli (Makarova et al., 2006) . The number of rRNA operons has been claimed to be positively correlated with a micro-organism's ability to colonize and survive in a particular ecological niche (Klappenbach et al., 2000) . Thus, the variable number of rRNA loci identified in bifidobacterial genomes suggests that different survival strategies may have been followed.
Among those elements that are considered to belong to the mobilome, i.e. insertion sequence (IS) elements, transposons and prophages, the highest number of IS elements has been identified in the genome of B. longum subsp. infantis ATCC15697 (Sela et al., 2008) , whereas a very limited number of such elements were found in the genome of the human oral cavity inhabitant, Bifidobacterium dentium Bd1 (Ventura et al., 2009a .
Thus far, the genome sequence of one or two strains for each of the above-mentioned species has provided information about genome variability at intraspecific level (Barrangou et al., 2009; Kim et al., 2009; Lee et al., 2008; Schell et al., 2002) . However, the question as to how many genomes are necessary to fully describe a bifidobacterial species or the genus Bifidobacterium has not yet been answered.
Bacterial genome data have also been used in order to investigate bacterial evolution through the identification of genes (constituting the core genome) that appear to be conserved among bacteria. Efforts have also been placed on the investigation of the bacterial pan-genome, which represents the core genome containing genes present in a particular taxonomic unit plus the variable elements of a genome. These variable elements are composed of genes that are absent from the genome of at least one member of a taxonomic unit or genes that are unique to a single member of that taxonomic unit (Bentley, 2009; Lapierre & Gogarten, 2009; Rasko et al., 2008; Tettelin et al., 2005) . The pan-genome sizes and rates of recombination have been suggested to reflect differences in niche and lifestyle of the different species (Bentley, 2009) .
In this report, we describe a genomic comparison of bifidobacterial species in order to highlight the genome structure complexity of this group of micro-organisms, as well as to provide a novel genomic perspective on the evolution of bifidobacteria.
METHODS
Genome sequences. The genomes analysed consisted of the nine complete and publicly available Bifidobacterium genomes described in Table 1 . Functional annotations including clustered orthologous group (COG) categories were obtained from NCBI.
Pan-genome analysis. The genome comparisons for the pangenome analysis were performed on a larger dataset of 14 publicly available Bifidobacterium genomes, adding five incomplete genome sequences to the nine complete genome sequences (Table 1) . Genomic comparisons were performed according to a previously described approach , with the following modifications. Each pair of genome sequences was compared by means of i) wu-BLASTP searches (all protein vs all protein sequences) and ii) wu-tblastn searches (all proteins vs translated genome sequences) (http://www. advbiocomp.com/blast.html). Results from these two comparative searches were then combined in order to minimize the number of false negative matches. Hits were filtered such that homologues were defined as having 50 % sequence similarity over at least 50 % of the length of the protein .
The sequential inclusion of up to 14 strains was then simulated in all possible combinations to determine the number of core and dispensable strain-specific and species-specific genes for each set of sequentially added genome data, after which the generated distributions of values were analysed. Means and the interquartile ranges were used as point estimates of the central tendency and confidence intervals, respectively, for the regression analysis.
The regression analysis for the core genome was performed by fitting a double exponential decay to the data with a weighted least square regression. square of the interquartile ranges of core genome distributions as weights. The best fit was obtained with R 2 50.999 for k 1 5254±5, t 1 59.6±1.5, k 2 5917±39, t 2 51.19±0.06 and H (the asymptotic core genome size)5967±14. A single exponential decay fit to core genome size data for N¢5 (the last ten points) resulted in a similar estimate of H, indicating that the double exponential decay captures correctly the asymptotic trend of the core genome.
The regression analysis for new genes and for the pan-genome was performed according to a previously described method (Tettelin et al., 2008) . The power laws n new 5k new N 2a and n pan 5k pan N b (Heaps' law) were fitted for N¢5 to new gene and pan-genome data, respectively, with a weighted least square regression, where n new and n pan are the average of new gene and pan-genome distributions, respectively, N is the number of genomes, k new , k pan , a and b are free parameters, and the inverse square of the respective distributions are weights. An open pan-genome of a specific bacterial group indicates that genomes of such taxa are evolving and diversify at a higher rate compared with a closed pan-genome.
Proteome comparison and extraction of shared and unique genes. Each of the nine predicted bifidobacterial proteomes was searched for orthologues against the other proteome, where orthology between two proteins was defined as the best bidirectional FASTA hits (Pearson, 2000) .
Identification of orthologues, paralogues and unique genes was performed following a preliminary step consisting of the comparison of each protein against all other proteins using BLAST analysis (Altschul et al., 1990 ) (cut-off: E-value 1610 24 and 30 % identity over at least 80 % of both protein sequences), then all proteins were clustered into protein families using MCL (graph-theory-based Markov clustering algorithm) (van Dongen, 2000) . Following this, the identified paralogues among the nine bifidobacterial proteomes were discarded and through MCL the unique proteins for each species of the genus Bifidobacterium were classified. Finally, each unique protein sequence, whose combined coding sequences form the core genome, was functionally annotated according to a COG category assignment.
Whole-genome alignments at DNA and protein level.
Bifidobacterium whole-genome sequence alignments were performed at DNA level using MUMmer (Kurtz et al., 2004) .
Comparisons at protein level (Canchaya et al., 2006; Chan et al., 2006) were performed with the PROmer algorithm (part of the MUMmer package). Distances between the nine bifidobacterial genomes were calculated from the PROmer alignment normalized by the size of the shortest genome and were compared by using the following equation:
D ab~{ log 2 Total PROmer alignments ab min length genome sequence ab À Á Proteome comparison and identification of orthologues.
Proteomes of the currently complete actinobacterial genomes available in public databases were compared firstly using an allagainst-all BLAST (Altschul et al., 1990 ) (cut-off: E-value 1610 24 and 30 % identity over at least 80 % of both protein sequences), then the The bifidobacterial pan-genome BLAST results were clustered into proteins families using MCL (van Dongen, 2000) . Paralogues were discarded by selecting the families that contained one single protein member for each genome. Proteins identified as belonging to the genome mobilome, such as IS elements or phages, were discarded. Orthologues were functionally classified using COG category assignments.
Each set of orthologous proteins were aligned using CLUSTAL_W (Thompson et al., 2002) and phylogenetic trees were constructed using the maximum-likelihood in PhyML (Guindon & Gascuel, 2003) . The supertree was built using SplitsTree (Huson, 1998) .
16S rRNA-based phylogenetic tree. A complete phylogenetic analysis was performed using the 16S rRNA actinobacterial sequences retrieved from the Ribosomal Database Project-II (Cole et al., 2005) . Where available, 16S rRNA gene sequences of the same strain used in the proteome comparison were chosen for each species. Otherwise, the 16S rRNA gene sequence of the type strain was used. Sequences were aligned using CLUSTAL_W (Thompson et al., 2002) , and phylogenetic trees were constructed using the maximum-likelihood in PhyML (Guindon & Gascuel, 2003) and neighbour-joining in CLUSTAL _ W. Furthermore, bootstrap analysis was performed using 100 resamplings. Table S1 , available with the online version of this paper). The set of clustered genes, which had been obtained using the MCL analysis (van Dongen, 2000) as described above, was filtered in order to only retain hits that correspond to genes shared by some but not all of the analysed genomes. Furthermore, a binary matrix with vectors consisting of 0-1 values was built by an internal Visual Basic script on a Microsoft Excel table. In this matrix, each vector corresponds to an organism, and the 0 or 1 values indicate absence or presence, respectively, of a particular gene in that organism. The final matrix D represents the genome information of 55 organisms and includes data derived from the analysis of more than 11 000 proteins.
Multivariate analysis. A correspondence analysis was carried out on this final matrix D using the statistical tool R 2.9.1 (Dessau & Pipper, 2008) ; the product between the transpose of the matrix D (D T with 11 000 rows and 55 columns) and the matrix D itself (55 rows and .11 000 columns) generates the matrix E (11 000 rows and 55 columns). Eigenvectors and eigenvalues of the matrix E were calculated with the EIGEN subroutine from the statistical tool R 2.9.1 (Dessau & Pipper, 2008) . Only the first 10 eigenvectors were taken into consideration, thus generating matrix F (11 000 rows and 10 columns). The product between the matrix D and matrix F generated matrix G (55 rows and 10 columns), which provides the position coordinates of the 55 bacteria in the first 10 axes of ordination. The percentage variation fraction associated with each axis was calculated as the ratio of the corresponding eigenvalue to the sum of all eigenvalues. Finally, the evolutionary relationships between organisms were visualized by the construction of a bidimensional plot with the statistical tool SPSS 9.0.
The information carried by matrix F reveals ORFs that maximally contribute to the clustering of 55 bacterial species under examination at each axis of ordination. The ORFs corresponding to the highest values of this matrix, and which are thus of most phylogenetic relevance, were selected and evaluated with a x 2 test.
RESULTS AND DISCUSSION

Whole-genome alignments
Sequence alignment of the nine publicly available complete bifidobacterial genomes was performed in order to establish the genetic relationships among these members of the Bifidobacterium genus. The closest alignments that were obtained for bifidobacteria include those between members of the B. longum phylogenetic species, i.e. B. longum subsp. longum and B. longum subsp. infantis, or species belonging to the B. adolescentis group such as B. adolescentis versus B. dentium (data not shown). In contrast, the least related genomes, as concluded from their low levels of alignment, were those of B. animalis subsp. lactis (B. pseudolongum group) and genomes from members of the B. longum group, a finding that correlates well with the evolutionary distance between these species based on 16S rRNA or multigene alignments (Ventura et al., 2006) .
Some of the bifidobacterial whole-genome alignments display as patched regions arranged in an X-shaped distribution across the origin of replication, a finding which was previously described for bacteria (Eisen et al., 2000) . Such symmetry indicates that paring of sequences tends to occur at the same side as the origin, which is explained by the fork replication theory (Tillier & Collins, 2000) . However, these X-shaped regions are not visible in any of the B. animalis alignments. Furthermore, these Xshaped alignments can be observed most clearly in the middle region of the xy plots. In fact, the rightmost and leftmost parts of the plots that correspond to the ori do not display synteny, suggesting that such regions are subject to a higher rate of reshuffling or an increased acquisition of alien DNA by horizontal gene transfer (HGT) compared with the alignment within the B. longum phylogenetic group. Such findings contrast with what has previously been described for bacterial genome evolution, where it was suggested that the regions around the replication terminus display an increased frequency of HGT compared with the remainder of the chromosome (Daubin & Perriere, 2003) .
These results clearly show that genomes of different bifidobacterial species are in general not collinear, thus implying the existence of significant genome diversity within members of the genus Bifidobacterium. The genome alignments also generate data that can be used to reconstruct phylogenetic relationships between bifidobacteria through the use of PROmer, similar to what was previously described for other prokaryotic genomes (Henz et al., 2005) . A neighbour-joining tree was built using the distances calculated using the PROmer analyses (Fig. 1a) . The resulting tree, as based on the deduced proteomes, shows a clustering of bifidobacterial species which is very similar to that obtained from 16S rRNA comparative analysis (Fig. 1b) or from a multigene approach (a so-called supertree, Ventura et al., 2006) . Thus, we can argue that in the case of bifidobacteria, whole-genome-based phylogenetic investigations, also called phylogenomics, generate a very similar evolutionary pattern to that achieved using classical molecular markers. Such a phylogenomics-based analysis provides convincing proof that all bifidobacteria share a common ancestor, and in order to expand on this finding, a more in depth analysis involving the identification of a common bifidobacterial gene content was performed.
The Bifidobacterium conserved core genome Analysis of the set of genes/proteins that were separated from the last common ancestor, in an evolutionary time-frame, by a speciation event (Fitch, 1970) allowed the identification of 506 orthologues shared by all nine species of the genus Bifidobacterium for which the complete genome sequence was available (data not shown). This common set of proteins represents the presumed core of bifidobacterial genomic coding sequences. To estimate an asymptotic limit to the number of genes present in every Bifidobacterium species (Bifidobacterium core genome), we included in our analysis five publicly available but incomplete genomic sequences, adding to the sample five novel species of the genus: B. pseudocatenulatum, B. gallicum, B. catenulatum, B. bifidum and B. angulatum. The number of shared genes found on sequential addition of each new bifidobacterial genome sequence was extrapolated by fitting an exponential decaying function to core genes calculated with all the possible permutations in the order of addition of genome sequences ( Fig. 2a ). As expected, the number of shared genes initially decreases with the addition of each new genome sequence. Nevertheless, extrapolation of the curve shows that the core genome content reaches a minimum of approximately 967 genes, as indicated in Fig. 2(a) . This apparent difference from the number of orthologous proteins shared between all the bifidobacterial genomes (506 proteins) is probably a consequence of the reduced stringency that is normally employed for the prediction of the core genome sequences (50 % similarities over 50 % of the total gene nucleotide length) Tettelin et al., 2005; Tettelin et al., 2008) , compared with the higher constraint values that are usually employed in the determination of common orthologous protein sets in bacterial genomes (cut-off Evalue 1610 24 with an identity value of 30 % over 80 % of both protein sequences). Of note, the actual number of shared genes in each genome varies because of duplicated genes and paralogues. Examination of the functional annotation of these genes suggests that the conserved core genes encode mostly core housekeeping functions such as those involved in replication, transcription and translation, as well as functions related to adaptation/interaction with a particular environment, such as carbohydrate metabolism, cell envelope biogenesis and signal transduction ( Table 2) . The Bifidobacterium pan-genome
In order to estimate the total gene repertoire of members of the genus Bifidobacterium (Bifidobacterium pan-genome) we employed a previously described method (Tettelin et al., 2008) which calculates both the overall number of genes discovered and the expected number of new genes contributed by each additional genomic sequence, using the same permutation scheme employed in the analysis of core genes. The total number of genes identified when all 14 genomes are compared is 5125 (ranging between 4960 and 5309 depending on the genome permutation order), more than twice the average number of genes found in a single Bifidobacterium genome (Fig. 2b) . The pan-genome size, when plotted on a log-log scale versus the number of genomes, shows a clear linear trend in agreement with the Heaps' law pan-genome model (Tettelin et al., 2008) , and a robust fit of the data was obtained for an increasing power law with positive exponent b50.40. This indicates an open Bifidobacterium pan-genome, even though within a single species sampled with two or more isolates, very little genomic variation is observed.
The number of new genes discovered by sequential addition of genome sequences is shown in Fig. 2(c [K] Transcription 7.9
[L] Replication, recombination and repair 1.9
[D] Cell cycle control, cell division, chromosome partitioning 0.3
[V] Defence mechanisms 3.9
[T] Signal transduction mechanisms 4.6
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[O] Post-translational modification, protein turnover, chaperones 4.8
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[I] Lipid transport and metabolism 2.9
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[S] Function unknown genes), ii) comparisons between isolates belonging to very distant species (high number of new genes), and iii) a major intermediate mode accounting for~65 % of the comparisons, which determines the mean of the distribution, and represents the typical between-species variation observed in the Bifidobacterium genus. A power law regression to the last ten points of the dataset (N¢5) confirms a behaviour in agreement with the Heaps' law predictions for an open pangenome (exponent of the power law a50.64) and suggests that the critical contribution to the pan-genome of the genus comes from between-species diversity. When we repeated such analyses focussing on specific Bifidobacterium species for which multiple strain genome sequences are available, such as B. animalis subsp. lactis, different results were achieved. In fact, in the case of B. animalis subsp. lactis, the number of specific genes added to the pan-genome dropped to zero after the addition of the third strain. This result probably reflects the fact that B. animalis subsp. lactis is a highly clonal, recently evolved taxon from the B. animalis species in which genome variability is associated only with very reduced intergenic sequence variation or limited to clustered regularly interspaced short palindromic repeats (Barrangou et al., 2009) . Alternatively, the sequenced strains may belong to the same evolutionary clade and may not adequately represent the diversity that exists within strains belonging to the B. animalis subsp. lactis species.
Identification of unique genes
The pan-genome analysis, restricted to the nine closed genomes, also allowed the identification of truly unique genes (TUGs), i.e. genes present only in a reference genome and absent in any of the other bifidobacterial genomes.
Such analyses were carried out as described previously (Rasko et al., 2008) . The number of TUGs varies from 21 to 230 in the nine genomes analysed. The mean number of TUGs found in the Bifidobacterium genome dataset is 143±133. The large deviation from the mean is indicative of a high degree of genome diversity in the genus Bifidobacterium. As expected, the large majority of TUGs do not have a functional annotation, and thus they may represent novel biosynthetic or human gut commensal interaction features. Interestingly, the B. longum subsp. infantis ATCC15697 genome contains the largest number of TUGs ( Supplementary Table S2 and Supplementary  Fig. S1 ). Such a finding was anticipated, as the genome sequence of this strain was shown to exhibit a significant level of diversity, perhaps due to the presence of RexAB, which promotes chromosomal rearrangements and integration of heterologous sequences through recombination (Sela et al., 2008) . The identification of TUGs in bifidobacteria may serve to identify targets for further functional studies on specialized adaptive abilities, particularly with regard to host interactions and metabolism of host diet components. Additional functional genomic studies (e.g. whole transcriptional/proteomic profiling and gene inactivation) will be important to understand the function of this large set of unique hypothetical proteins, considering the relevance of bifidobacteria in human health, as they could represent putative biomarkers of a 'healthy' gut microbiota.
Many of the TUGs are flanked by insertion elements and display significant divergence from the average GC genome content or atypical codon usage, suggesting acquisition through HGT. Among their encoded products, putative adhesion-mediating proteins similar to fimbrial subunits and sugar metabolizing enzymes/transporters are found. As in the case of other bacterial genomes (Canchaya et al., 2003) , phage-associated genes account for less than 1 % of all TUGs in bifidobacteria (data not shown).
Dispensable bifidobacterial genome and the human gut microbiome
Bifidobacteria are considered to represent a significant component of the intestinal microbiota of mammals Ventura et al., 2007) . The initial establishment of bifidobacteria in the human large intestine is believed to occur within the first couple of hours following birth, and following this they may remain present during the remainder of the host's life. In their natural environment, bifidobacteria come into contact with other bacterial components of the intestinal microbiota, with which they are expected to exchange genetic material through HGT. In order to investigate this presumption, we analysed the number of orthologues that are shared between bifidobacteria and other human gut bacteria (Supplementary Table S1 ). We included in our analysis those human gut bacteria whose genomes are fully sequenced, which span a broad range of taxonomic groups, i.e. from Archaea to Bacteria. These sequences were retrieved from databases and various human gut microbiome projects, and we excluded from our analyses those orthologues that are common to all bifidobacterial genomes and thus constitute the core genome sequences. The correspondence analysis (see Methods) identified 365 genes that appear to represent dispensable bifidobacterial genome sequences, i.e. genes that are shared with other bacterial members of the human gut microbiome, while they do not occur in all bifidobacterial genomes ( Fig. 3a and Supplementary Table S3 ). When the encoded proteins were classified according to their COG categories and compared with the average COG distribution in bifidobacterial genomes, we found that, when proteins involved in metabolism and transport of carbohydrates and amino acids were excluded, the majority of the proteins were involved in coenzyme transport and metabolism, signal transduction and unknown functions (Fig. 3b ). It seems logical that proteins shared between human gut bacteria contribute to adaptations that typify specific groups of intestinal commensals, emphasizing the necessity for functional investigations in order to provide the biological role of these gene products in the human gut microbiota. Interestingly, members of the human gut microbiota that appear to have exchanged genes with bifidobacteria appear to encompass a wide phylogenetic distribution including Archaea, such as Methanobrevibacterium smithii and Methanosphaera stadtmanae, as well as various taxa belonging to the phyla Chlamydiae, Proteobacteria and Firmicutes ( Fig. 3c and Supplementary Table S4 ).
Bifidobacterium phylogeny and phylogenomics
To complement the sequence-based and synteny-based phylogenetic investigations, we also followed a multigenic tree phylogeny reconstruction approach (Fig. 4) . In fact, such a strategy provides a solution to the problem of combining evidence from different genome loci to infer phylogeny without losing information from independent gene histories. A concatenated protein consisting of 506 sequences, corresponding to each of the core proteins that were identified in one of the previous sections, was used to build a Bifidobacterium supertree, which allows tracing phylogeny based on genomic data (phylogenomics) within this group of bacteria. The discriminatory power of the concatenated tree is much higher than that observed with the single 16S rRNA gene, which is also confirmed by the analysis of the pairwise distances and the standard deviation, respectively. Each bifidobacterial species was differentiated as a distinct entity. The average similarity from these concatenated sequences was 74 %, against 95 % when the 16S rRNA gene was used. The most closely related taxa exhibited similarity levels of more than 90 %, i.e. 92 % for B. longum subsp. longum and B. longum subsp. infantis, which are lower than those observed for the same set of strains using 16S rRNA gene sequences (99 %). Furthermore, the increase in sequence size led to a considerable increase in tree robustness. In fact, the progressive concatenation showed an increase in deep-node bootstrap values. Data concatenation therefore provides a good means of increasing the robustness of the final tree. The significant increase in bootstrap values demonstrates that the phylogenetic tree, as calculated from the concatenation of core proteins that may be used as alternative molecular markers to the 16S rRNA gene, may considerably improve the phylogenetic relevance. We also performed a phylogenetic investigation based on the concatenation of a specific set of core protein sequences from both bifidobacteria and other members of the genus Actinobacteria ( Supplementary Table S5 ). The protein set used for this purpose consisted of six housekeeping genes, mfc, rpmA, atpC, obgE, ileS and legA, which encode translation initiation factor IF-3, 50S ribosomal protein, ATP synthase C chain, GTPase, isoleucyl-tRNA synthase and GTP-binding protein, respectively. This phylogenomics approach allowed the evolutionary positioning of bifidobacteria within the phylum Actinobacteria (Fig. 4a ), which revealed that bifidobacteria represent the deepest branch separating them from other Actinobacteria in a manner that is similar to that observed for a 16S rRNA-based tree (Fig. 4b) .
Conclusions
The genomic era for bifidobacteria has only recently commenced in earnest, and the limited number of species for which genome sequences have been completed has allowed us to take a first look, to our knowledge, at the pan-genomic structure of this bacterial genus.
Regression analysis shows that, in the case of bifidobacteria, single species tend to be closed and only a very small number of new genes are expected to be added to the species gene pool with the addition of new genome sequences. Conversely, the size of the gene pool pertaining to the whole genus is more than twice the size of a single genome, and the pan-genome of the genus Bifidobacterium is found to be open. The analysis of nine different species in this work indicates that a substantial amount of undiscovered genes are likely to be present in the genomic sequences of isolates belonging to other, as yet unsequenced, bifidobacterial species. Such a predicted diversity is not surprising if one considers that sequencing of environmental samples, such as water, soil or faecal samples, has enabled the identification of unknown bacterial microbiomes (Eckburg et al., 2005; Venter et al., 2004) . These extensive genetic datasets have indicated that the environmental gene pool available for inclusion by mechanisms such as HGT, transduction, conjugation and transformation is much larger than previously imagined. Bacteriophages are thought to play a key role in transferring genetic material between bacteria that share the same ecological niche. In contrast, bacterial species residing in restricted environments and lacking mechanisms of gene exchange may have evolved with considerably less genome variation. Bacteria such as Buchnera aphidicola or Bacillus anthracis possess a closed pangenome, where no or very limited chromosome rearrangements or gene acquisitions have occurred during the course of evolution (Tamas et al., 2002) .
The current bacterial taxonomy relies on genes associated with the core genome (e.g. rRNA genes, chaperoneencoding genes, recA gene) (Stackebrandt et al., 2002) . However, a large proportion of the genetic traits that are responsible for the adaptation to a specific ecological niche, such as antibiotic resistance, are presumed to be part of the dispensable genome. Therefore, sequencing of multiple strains is necessary in order to understand the genetics of adaptative strategies employed by particular commensal micro-organisms in the human gut, and to provide a more consistent definition of the species itself. In this report we show that sequencing of only a few genomes of a limited number of bifidobacterial species is not enough to understand the overall genomic basis and plasticity of the bifidobacterial genus. Also, our results suggest that in order to avoid a phylogenetic bias within this genus, further sequencing efforts should concentrate on increasing the number of species sampled rather than the number of isolates sampled per species. Alternative genome analysis techniques such as comparative genome hybridization can only provide information on the presence/absence and variability of genetic loci that are already known and do not identify genes that are not present in the reference genome. Thus, in order to fully explore the genome variability of bifidobacteria -including the identification of TUGs, the size of which could be vastly larger than the core genome -a whole genome sequencing approach will be necessary.
